We previously demonstrated that jarastatin (JT), a new disintegrin from Bothrops jararaca venom, altered actin dynamics in human polymorphonuclear neutrophils (PMNs) and inhibited cell migration in vivo and in vitro (14) . In this study, we evaluated the effects of JT and two other monomeric disintegrins, kistrin (KR) and flavoridin (FL), on PMN chemotaxis and chemokinesis in vitro and on the activation of integrin-mediated pathways. Although JT, but not KR or FL, was chemotactic, only KR was chemokinetic to PMN. However, preincubation of PMN with any disintegrins inhibited chemotaxis for fMLP. Treatment of PMN with JT and KR increased actin polymerization, whereas FL reduced the content of F-actin. The effects of JT and KR on actin dynamics were inhibited (50%) by genistein, a tyrosine kinase inhibitor. Accordingly, JT and KR induced an increase in tyrosine phosphorylation, whereas FL had no effect. The three disintegrins were able to induce focal adhesion kinase activation. However, JT and KR promoted Erk-2 nuclear translocation, and FL inhibited Erk-2 activation. The data suggest that although the disintegrins JT and KR directly activate integrin-coupled signaling, FL may interact differently with integrins, triggering an inhibitory pathway modulated by focal adhesion kinase activation.
ntegrins, a major class of adhesion receptors present on cell surfaces, do not act only as simple architectural entities linking cells to the extracellular matrix (ECM) or to other cells (1) . They are also dynamic molecules capable of recognizing and interacting with signals from the extracellular environment, generating intracellular signals that affect multiple cell I functions (reviewed in 2). Integrins transduce signals by associating with adapter proteins able to connect the integrin to the cytoskeleton, cytoplasmic kinases, and transmembrane growth factor receptors (3) . An initial key event in integrin-mediated signal transduction is the activation of tyrosine kinases and the subsequent tyrosine phosphorylation of several structural and adapter proteins related to focal adhesion. Focal adhesion kinase (FAK) is a nonreceptor tyrosine kinase directly responsive to integrin-dependent cell adhesion (4, 5) . FAK is recruited to focal contacts and interacts, through cytoskeleton proteins, with the cytoplasmic domain of integrins (5) . These interactions link FAK to signaling pathways that could modify actin cytoskeleton dynamics and activate mitogen-activated protein kinase (MAPK) cascades (3) . Integrin-mediated activation of MAPK proteins, Erk-1 and Erk-2, has been reported to be involved in the modulation of different cellular functions in response to a variety of extracellular stimuli (6) . These kinases can activate transcription factors, leading to cellular responses of activation, differentiation, or apoptosis (3, 7) .
A significant development in the study of integrin ligand interactions was the discovery, originally in snake venom, of the disintegrins. These peptides represent a family of cysteine-rich, low molecular weight proteins. Most disintegrins contain an RGD/KGD sequence, a cell attachment site present in many adhesive ECM and cell surface proteins recognized by the integrins (8) . Because of these properties, disintegrins have been considered potent competitive antagonists of integrin-dependent cell adhesive functions (9) . Monomeric RGD-disintegrins such as eristostatin, echistatin, kistrin (KR), and flavoridin (FL) have been reported to be potent inhibitors of platelet aggregation by the blockage of αIIβ3 integrin (10, 11) . They are also able to inhibit other cell interactions to ECM, including tumor cell metastasis and angiogenesis (12, 13) . In a previous study, we showed that jarastatin (JT), a new RGD-disintegrin isolated from Bothrops jararaca venom, which is a potent inhibitor of platelet aggregation, also inhibited human polymorphonuclear neutrophil (PMN) migration in vivo and in vitro and promoted alterations in the actin cytoskeleton dynamic of those cells (14) .
Although neutrophils constitute the first line of defense against invading microorganisms, they have been considered one of the major contributors to host damage in subacute or chronic inflammatory states (15) . The migration of PMN from blood to tissues is a multistep event, entirely dependent on cell-cell and cell-matrix protein interactions. Integrins are involved in all PMN responses, mediating cell adhesion, activation, migration, phagocytosis, and oxidants production (7). The integrin-mediated PMN activation leads to a rapid induction of protein phosphorylation and actin cytoskeleton mobilization (16) . Understanding the ligand-receptor interactions and intracellular signals involved when PMNs encounter matrix or adhesive proteins is essential for the development of new therapeutic interventions that either enhance desirable effects or inhibit deleterious effects of PMN activation at sites of tissue injury.
This report describes the effect of JT and two other known disintegrins, KR and FL (11), on human PMN chemotaxis and their ability to trigger intracellular signaling pathways mediated by integrin activation.
MATERIALS AND METHODS

Disintegrins
KR (Lot 44H4073), isolated from Agkistrondon rhodostome venom, and FL (Lot 44H4074), isolated from Trimeresurus flavoridis venom, were purchased from Sigma (St. Louis, MO). JT, isolated from Bothrops jararaca venom, was purified by reverse-phase fast performance liquid chromatography column and microsequenced by automated Edman degradation on a Porton integrated Microsequencing system (Beckman Instruments, Fullerton, CA) (14) . All disintegrins were diluted in sterile saline and stored at -20°C until use.
Isolation of PMNs
PMNs were isolated from EDTA (0.5%)-treated peripheral venous blood of healthy volunteers by using a four-step discontinuous Percoll (Sigma) gradient (17) . Erythrocytes were removed by hypotonic lysis. Isolated PMNs (98% purity), estimated to be >96% viable by trypan blue exclusion, were resuspended in RPMI-1640 medium (Sigma).
PMN chemotaxis and chemokinesis assays
PMN chemotaxis was assayed in a 48-well Boyden chamber (microchemotaxis system, Neuroprobe, Cabin John, MD) using a 5-µm polyvinylpyrrolidone-free polycarbonate filter as previously described (14) . For chemotaxis assays, the chemotactic stimuli, N-formyl-methionylleucyl-phenylalanine peptide (fMLP; 0.1 µM) (Sigma), or disintegrins (0.01-10 µM) diluted in RPMI medium at different concentrations, were added to the bottom wells of the chamber. Cells suspended in RPMI medium (10 6 cells/ml) were added (50 µl of cell suspension) to the top wells of the Boyden chamber and allowed to migrate for 60 min at 37°C in a 5% CO 2 atmosphere. In some experiments, PMNs were preincubated with genistein (80 µM) (Calbiochem, San Diego, CA) for 5 min at 37°C before the chemotactic assay. In another set of experiments, PMNs were treated (5 min at 37°C) with different concentrations of disintegrins (0.1-10 µM) and allowed to migrate in the Boyden chamber toward fMLP (0.1 µM), which was used as the chemotactic attractant. In chemokinesis assays, PMNs were placed at the top wells and the disintegrins were added at the same concentration of 0.1 µM above and below the nitrocellulose filter, thereby eliminating the chemotactic gradient. (18) . After that, cells were incubated for 60 min at 37°C in a 5% CO 2 atmosphere. For both assays, after the incubation time, the filters were removed from the chambers, fixed, and stained with a Diff-Quick stain kit (Baxter Travenol Laboratories, Mississauga, ON, Canada). PMNs that had migrated through the membrane were counted under light microscopy (100× objective) on at least five random fields. Results, expressed as the number of PMNs per field, were representative of three different experiments performed in triplicate for each sample. PMN migration toward RPMI-1640 medium alone (random chemotaxis) was used as a negative control.
Preparation of cell extracts
PMN (2 × 10 6 cells/ml) were incubated with disintegrins (1 µM), fMLP (0.1 µM), or human rIL-8 (30 µM) (R&D Systems, Minneapolis, MN) for 5 min at 37°C and 5% CO 2 . In some experiments, genistein (80 µM) was added to cell suspension 5 min before treatment with the disintegrins. To obtain the whole-cell extracts, PMNs were resuspended in the proper lysis buffer (50 mM morpholinoethanol sulfonide, pH 6.4, 1 mM MgCl 2 , 10 mM EDTA, 1% Triton X-100, 1 µg/ml DNAse, and 0.5 µg/ml RNAse) and the following protease inhibitors: 1 mM phenylmethyl-sulfonyl fluoride (PMSF), 1 mM benzamidine, 1 µM leupeptin, and 1 µM soybean trypsin inhibitor (Sigma). Triton-insoluble cytoskeleton fraction was obtained by centrifuging cell lysates at 13,000 × g for 10 min at 25°C and suspending the pellets in the same lysis buffer under vigorous agitation. Proteins present in whole-cell extract or cytoskeleton fraction were obtained by acidic precipitation and dissolved in 1% (v/v) sodium dodecyl sulfate (SDS) solution. Immunoblottings for F-actin and phosphotyrosine proteins were developed as subsequently described.
Immunoprecipitation
PMNs (5 × 10 6 cells/ml) were incubated with disintegrins (1 µM) and fMLP (0.1 µM) for 5 min at 37°C in a 5% CO 2 atmosphere. Cells were lysed in lysis buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1.5 mM MgCl 2 , 1.5 mM EDTA, Triton X-100 (1%; v/v), glycerol (10%; v/v), aprotinin (10 µg/µl), leupeptin (10 µg/µl), pepstatin (2 µg/µl), and 1 mM PMSF. Lysates (2 µg/µl) were incubated overnight at 4°C with anti-FAK (1:200; Santa Cruz Biotechnology, Santa Cruz, CA) or anti-actin (1:200; Santa Cruz Biotechnology) antibodies. Then, protein A/G-agarose (20 µl/mg protein; Santa Cruz Biotechnology) was added and samples were incubated at 4°C under rotation for 2 h. The content of FAK associated to actin and phosphorylated FAK was analyzed by immunoblotting as subsequently described.
Preparation of nuclear cell extracts
For the analysis of Erk-2 nuclear translocation, PMNs (5 × 10 6 cells/ml) were incubated with disintegrins (1 µM) or fMLP (0.1 µM) for 1 h or 5 h at 37°C in a 5% CO 2 atmosphere. Nuclear extracts were obtained as described previously (19) . In brief, cells were lysed in ice-cold buffer A (10 mM HEPES, pH 7.9; 10 mM KCl; 0.1 mM EDTA; 0.1 mM EGTA; 1 mM dithiotreitol; and 0.5 mM PMSF) and after 15 min of incubation on ice, NP-40 was added to a final concentration of 0.5% (v/v). Nuclei were collected by centrifugation (1810 × g; 5 min at 4°C). Nuclear pellet was suspended in ice-cold buffer C (20 mM HEPES, pH 7.9; 400 mM NaCl; 1 mM EDTA; 1 mM EGTA; 1 mM dithiotreitol; 1 mM PMSF; 1 µg/ml pepstatin; 1 µg/ml leupeptin; and 20%, v/v, glycerol) and incubated for 30 min. Nuclear proteins were collected in supernatant after centrifugation (12,000 × g; for 10 min at 4°C), and the immunoblotting for nuclear Erk-2 content was performed as subsequently described.
Immunoblotting analysis
The total protein content in the cell extracts was determined by the method of Bradford (20) . Cell lysates were denatured in Laemmli's sample buffer (50 mM Tris-HCl, pH 6.8; 1% SDS; 5% 2-mercaptoethanol; 10% glycerol; and 0.001% bromophenol blue) and heated in a boiling water bath for 3 min. Samples (30 µg total protein) were resolved by 12% SDS-PAGE (21) , and proteins were transferred to nitrocellulose membranes (Hybond-C Pure, Amersham Pharmacia Biotech, San Francisco, CA). Membranes were blocked with Tween-TBS (20 mM Tris-HCl, pH 7.5; 500 mM NaCl; and 0.1% Tween-20) containing 1% bovine serum albumin and probed with the specific primary antibody: monoclonal anti-actin (1:500), monoclonal anti-phosphotyrosine (1:200; Santa Cruz Biotechnology), polyclonal anti-FAK (1:1000), or polyclonal anti-Erk-2 (1:1000; Santa Cruz Biotechnology). After extensive washing in Tween-TBS, nitrocellulose sheets were incubated with anti-mouse IgG antibody biotin-conjugated (1:1000; Sigma) or antirabbit IgG antibody biotin-conjugated (1:1000; Sigma) for 1 h and then incubated with streptavidin-conjugated horseradish peroxidase (1:1000; Caltag Laboratories, Burlingame, CA). Immunoreactive proteins were visualized by 3,3'-diaminobenzidine (Sigma) staining. The bands were also quantified by densitometry, using Scion Image Software (Scion, Frederick, MD)
Statistical analysis
Statistical significance was assessed by ANOVA followed by Bonferroni's t test, and P<0.05 was taken as statistically significant.
RESULTS
Disintegrins inhibited PMN chemotaxis in vitro
We examined the effect of JT, KR, and FL on PMN chemotaxis induced in vitro by fMLP (0.1 µM), an efficient chemotactic concentration for PMN in Boyden chamber (14) . In the presence of different concentrations of disintegrins, PMN chemotaxis in response to fMLP was significantly inhibited (Fig 1A) . KR and FL reduced, in a concentration-dependent manner, the chemotactic response that was completely blocked, returning to basal levels at 1 µM (Fig. 1) . However, JT only partially inhibited (50%) the migration of PMN toward fMLP, even at the highest dose used (10 µM).
We previously described that JT was chemotactic for PMNs in vitro (14) . In this regard, the effect of KR and FL as a direct chemotactic stimulus for PMN was also investigated. Cells were allowed to migrate toward different concentrations of disintegrins (0.1-10 µM), placed in the bottom wells of the Boyden chamber. The results demonstrated that, even at high concentrations (10 µM), KR and FL did not induce PMN chemotaxis, whereas JT showed a chemotactic effect comparable to fMLP (Fig. 1A, inset) .
To evaluate a possible chemokinetic effect of disintegrins on PMNs, we added JT, KR, or FL at the same concentration (0.1 µM) to both sides of the chamber, thereby eliminating the chemotactic gradient (18) . Figure 1B shows that when JT, the chemotatic disintegrin, was placed at the same concentration above and below the nitrocellulose filter, the migration of cells was substantially inhibited. However, KR, which did not present a chemotactic effect, significantly enhanced PMN locomotion when it was added to both sides of the chamber, showing a potent chemokinetic effect. FL was inactive in inducing cellular movement (Fig. 1B) .
Effect of disintegrins on actin polymerization
The alteration induced by the disintegrins on actin polymerization of human PMN was analyzed by immunoblotting. Incubation of PMN with JT or KR (1 µM) for 5 min expressively increased actin polymerization in these cells compared with nonstimulated cells (Fig. 2; open bars) . This effect was similar to that induced by fMLP, used as a positive control. In contrast, FL-treated PMN showed a significant decrease in F-actin content compared with controls (Fig. 2) .
Involvement of tyrosine kinase-mediated signaling
To investigate the involvement of tyrosine kinase pathways in the effect of disintegrins on PMN chemotaxis and alteration in actin dynamics, we treated cells with genistein, a tyrosine kinase inhibitor. At the dose used (80 µM), the inhibitor did not affect PMN viability as assessed by trypan blue exclusion (data not shown). Genistein did not alter the random chemotaxis (data not shown) or the basal contents of polymerized actin in PMN. In contrast, genistein partially inhibited the chemotactic effect of JT (40%) (data not shown) and reduced by about 50% the increase in actin polymerization in PMN induced by JT or KR (Fig. 2, dark bars) . Similarly, the positive effects of fMLP on both parameters were reduced by 40%.
The ability of disintegrins to induce alterations in tyrosine phosphorylation was evaluated. Figure  3 shows that nonstimulated PMNs present a low content of phosphotyrosine (Fig. 3, lane 1) . In contrast, PMNs incubated for 5 min with the two well-known PMN chemotactic agents, fMLP and IL-8, showed a sharp increase in tyrosine phosphorylation (Fig. 3, lanes 2 and 3) . A similar effect in tyrosine phosphorylation was also observed in PMN treated with JT (Fig. 3, lane 4) , whereas the effect of KR was significantly lower (Fig. 3, lane 5) . FL-stimulated PMNs showed only a slight augment in the phosphotyrosine content in proteins with molecular weights from 75,000 to 14,000, which was not different from nonstimulated cells (Fig. 3, lane 6 ).
Activation of FAK by disintegrins
In cells treated with the disintegrins, we determined the activation of FAK (125 kDa) by the increase in its content of phosphotyrosine and also through its association to actin. Figure 4A shows that PMN incubated for 5 min with the disintegrins presented a significant increase in FAK phosphorylation. JT, KR, and FL induced an expressive increase in FAK association to actin cytoskeleton (Fig. 4B) . The increase in FAK activation induced by KR and FL was similar to that caused by fMLP, whereas the effect of JT was significantly greater.
Activation of Erk-2
It has been reported that phosphorylation of Erk-2, a MAPK of 42 kDa, results in its full activation and translocation from cytoplasm to nucleus (22) . We investigated whether JT, KR, and FL would be able to induce nuclear translocation of Erk-2 in PMN. Erk-2 could be detected in nuclear extracts of nonstimulated cells after 1 h of incubation with medium alone (Fig. 5) . Treatment of PMN with JT or KR induced a significant increase of Erk-2 nuclear translocation that was comparable to that caused by fMLP. However, Erk-2 nuclear protein content in nuclear extract from FL-treated PMN was undetectable, suggesting that this disintegrin may be inhibiting Erk-2 activation (Fig. 5) .
DISCUSSION
The mechanisms involved in the rapid integrin-induced cell activation reflect conformational changes and enzymatic modification of receptor or associated protein that transduce for different cell functions (23) . During the inflammatory process, the binding of integrin receptors to RGDcontaining proteins from ECM stimulates PMN adhesion, chemotaxis, and phagocytosis (24, 25) . In this study, we showed that monomeric RGD-disintegrins--JT, KR, and FL--inhibited PMN migration induced by fMLP, a PMN chemotactic attractant and activator. JT, as demonstrated previously (14) , was able to induce, per se, PMN chemotaxis in vitro, whereas KR and FL did not show any effect. This positive stimulation induced by JT may be responsible for its partial inhibitory effect on chemotaxis, compared with the full inhibition caused by KR and FL. The inhibition of a chemotactic effect by prior exposure to the agonist or to selected structurally unrelated chemotactic factors has already been described for known PMN activators (homologous or heterologous desensitization) (26) . Homologous desensitization induced by JT was reported previously (14) . However, KR, but not JT or FL, in a concentration that blocked PMN migration in vitro, showed a potent chemokinetic effect for PMN. This capacity to increase cellular locomotion should be closely related to the inhibitory effect of KR on PMN chemotaxis.
The motile activities of PMN, as chemokinesis, chemotaxis, and phagocytosis, are driven by the polymerization of a network of cytoskeletal actin filaments (27) . The commitment of the actin network is a characteristic of integrin-mediated cell activation and certainly may account for the antichemotactic effect of the disintegrins. Recently, we demonstrated that JT induced profound alterations in the PMN actin network, with a cortical rearrangement of F-actin (14) . Accordingly, we present new data showing that the treatment of PMN with JT or with KR triggered a rapid and significant actin polymerization, whereas FL, which was also able to inhibit chemotaxis, caused a decrease in F-actin content. These results suggest that disintegrins may interfere in integrin-mediated functions, acting differently on PMN actin dynamics.
Cytoskeleton reorganization triggered by integrin interactions is primarily associated with the activation of tyrosine kinases and the subsequent tyrosine phosphorylation of several proteins, resulting in the formation of focal adhesion complexes (4, 5) . The involvement of tyrosine kinase activity in the effects of disintegrins in PMN was demonstrated by the inhibitory effect of genistein, a tyrosine kinase inhibitor, on the actin polymerization induced by JT and KR. In addition, we show that JT and KR, but not FL, induced an increase in the content of tyrosine phosphorylated proteins. Recent works have addressed the effect of disintegrins, previously considered passive integrin-blocking agents, as activators of integrin-mediated signaling. It has been shown that soluble echistatin induced the detachment of fibronectin-adherent melanoma cells by down-regulating FAK and disassembling actin cytoskeleton (28) . However, immobilized echistatin induced platelet adhesion and an increase in tyrosine phosphorylation (29) . Recently, it was demonstrated in transfected tumor cells expressing specific integrins that contortrostatin, a homodimeric disintegrin, induced tyrosine phosphorylation of FAK and CAS, whereas monomeric disintegrins, echistatin and FL, had no effect. These authors impute the unique effect of contortrostatin to its homodimeric structure (30) (31) (32) .
FAK, a tyrosine kinase activated by integrin-mediated signaling, is potentially pivotal to PMN functioning because of its remarkable ability to colocalize several effector molecules. By associating with activating kinases and adapter proteins, FAK serves as a scaffold upon which signaling molecules can modulate PMN response (7). Our results, in contrast to those in other studies (30) (31) (32) , showed that the monomeric disintegrins--JT, KR, and FL--induced tyrosine phosphorylation of FAK and its subsequent association to actin in PMN. Thus, it seems unlikely that the monomeric structure of these peptides would be a determinant for the lack of activation of integrin coupled-signaling observed by others (30) (31) (32) . Rather, the cell type, and, consequently, the type of integrin on cell surface and the selectivity of each disintegrin, may account to FAK activation pathway.
The trigger of several intracellular signaling pathways is often linked to FAK activation, including the activation of MAP kinases (33, 34) . Erk-2, a member of MAPK family, is activated by tyrosine phosphorylation and translocates to the nucleus, affecting gene expression by directly phosphorylating transcription factors (21) . G-protein-coupled receptors for the PMN chemoattractants fMLP, C5a, and IL-8 (35) (36) (37) , as well as the tyrosine kinase-associated receptor for GM-CSF (38) , were shown to activate Erk proteins in PMN. In addition, we observed a tight association between Erk activation and changes in CD11b/CD18 (Mac1 integrin) expression in these cells (39) . Our results showed that the interaction of JT and KR with PMN leads to an increase in Erk-2 activation compared with nonstimulated cells. In contrast, Erk-2 nuclear translocation was undetectable in FL-treated cells, suggesting that this disintegrin inhibited Erk-2 activation. Although the involvement of the MAPK pathway in PMN adhesion, degranulation, cytokine production, and apoptosis has been described (7, 40, 41) , the precise role of Erk-2 in these cells is still unclear. The activation of Erk-2 can regulate cell motility indirectly through its ability to influence MLCK activity (42) . Recently, it was demonstrated that contortrostatin induced Erk-2 activation in tumor cells, which seems to be related to its negative effect on cell migration (30) . Although the activation of Erk-2 by JT and KR could account for their inhibitory effect on PMN chemotaxis, the opposite effect of FL, which also inhibits chemotaxis, on Erk-2 activation suggests that this pathway may be related to other effects of the disintegrins on PMN. Studies on the effects of these disintegrins on the expression of cytokines and chemokines and on the apoptosis of human PMN are under investigation by our group.
In this study, we show original findings on the effect of monomeric RGD-disintegrins on PMN functions and activation. Despite the evidence that the three disintegrins showed an inhibitory effect on PMN chemotaxis, significant differences were detected in the signal transduction after their interaction with PMNs. Interactions of JT and KR with PMN induced an increase in tyrosine phosphorylation and FAK activation. These alterations were accompanied by a rearrangement in actin cytoskeleton network, which, very probably, is related to their effect on PMN chemotaxis. JT, the only chemotactic disintegrin, was more potent in triggering integrinmediated cell activation. The profile of intracellular signaling triggered by KR was lower but similar to JT. Remarkably, these disintegrins induced Erk-2 activation, an important signaling molecule, suggesting that these peptides may act as regulators of integrin function, modulating different responses in PMNs. However, FL, which potently inhibited PMN chemotaxis, was unable to alter actin network dynamics, to increase tyrosine phosphorylation, or to activate Erk-2. However, the interaction of FL with PMN leads to FAK activation, a key molecule of integrin-coupled signal. The data suggest that although JT and KR directly activate integrincoupled signaling, FL may interact differently with integrins, triggering an inhibitory pathway modulated by FAK activation. 
